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The structures of the barite (001) and (210) cleavage surfaces were measured in contact with deionized water
at 25°C. High resolution €1 A) specular X-ray reflectivity and atomic force microscopy were used to probe
the step structures of the cleaved surfaces and the atomic structures of thebatéeinterfaces including

the structures of water near the bariteater interfaces. The barite (001) and (210) cleavage surfaces are
characterized by large>2500 A) domains separated by unit-cell steps (7.15 and 3.44 A steps for the (001)
and (210) surfaces, respectively). This observation was unanticipated for the (001) surface in which adjacent
BaSQ layers are displaced vertically ly2 and symmetry related through astrew axis along (001). The
atomic structures of the two cleavage surfaces derived by X-ray reflectivity reveal that near-surface sulfate
groups exhibit significant€0.4 A) structural displacements, while Ba surface ion displacements are significantly
smaller (-0.07 A). Water adsorbs to the barite surfaces in a manner consistent, in both number and height,
with the saturation of broken BeD bonds; no evidence was found for additional structuring of the fluid
water near the surface.

1. Introduction areas at the baritewater interface. Atomic force microscopy
. . o (AFM) studies of the (001) surface at molecular resolution have

The barite-water interface has been studied intensely becausegnawn that the surface unit mesh is ax11) symmetry, with
of the plroble_m of barite scale formation in the petroleum g apparent corrugation 6f1.3 A that is in general agreement
m_dustry. I_3ar|te precipitates when _sulfate-rlch seawater reacts \yith the bulk crystal structurgMolecular modeling (using pre-
with Ba-rich sedimentary formation waters, forming scale gefined force fields) of the baritevacuum interface predicted
deposits that .restnct flow in pipes used fqr petroleum productl'o.n. that the (001) and (210) surfaces are the most stable suffaces.
Because barite scale formation can be impeded by the additiontpg energetic changes due to surface relaxation of these facets
of growth inhibitors, most relevant studies to date have \yere found to be small, but the magnitude and direction of these
concentrated on understanding the mechanisms of barite crystal,gjecylar displacements were not specified, and interaction of
growth in the presence and absence of growth inhiboTs.  \yater with these surfaces was not included in the calculation.
Other studies have explored the possibility of enhancing the These conclusions have yet to be directly tested.
barite dissolution rate with chelating ageﬁfs_. ) The barite-water interface is a system in which the structure

The (001) and (210) surfaces are the dominant barite surfacesof interfacial water might be probed directly. To date, relatively
expressed under most experimental conditions, both for naturalteyy minerat-water interfaces have been characterized by high-
and synthetic crystafst® Consequently, an understanding of  yesolution structural measuremetst” Other comparable stud-
these two surfac_e orlentatlons_prowdes direct |ns_|_ght into the jes have been of electrogelectrolyte interfaces under poten-
properties of barite under a wide range of conditions. There tjometric control8-2° Thus we can begin to compare trends in
are, however, a number of fundamental issues that have yet tofhe near-surface water structures among these different systems.

be resolved, even for these two well-defined bariteater We characterized the (001) and (210) bariteater interface
|nte_rfaces. At mo_derate to high supersaturation, ba_mte 9rows sryctures (Figure 1) using high-resolution specular X-ray
by island nucleation on flat terracé3,yet relatively little i refiectivity and atomic force microscopy. These measurements

known about the structure of this nucleation site, i.e., the terrace paye elucidated the defect structures of freshly cleaved surfaces,
structural relaxations at the baritaater interface as a function
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a= 8.88 A in which Fpuk—uc represents the sum over atoms in a single bulk
@ -~ > A-A unit cell, Fey is an additional phase factor that represents a semi-
! &f@ I OWQQ infinite lattice?? Fsytis the sum over all atoms near the interface
c= '@ - 0& Q e (e.g., including adsorbed molecules and substrate atoms in the
7 ;6 N K:g -- AA top few unit cells that may be displaced), @fgheris the sum
) : ? | @ over atoms in the semi-infinite fluid water layer above the
] @ ° A-A surface. We have assumed that the sulfate ions near the surface
Q. Y 1) relax as rigid bodies. All symmetry-allowed structural relax-
@ 0’2 @ 0,20 ations, the presence of stef§ssurface vacancies, and any
_______ D BN layering in the water above the mineral surface are incorporated
@ﬂiz/o @?9 into this expression through suitable parametrizations, providing
(001) @ @ @ a realistic physical description of the bariteater interface.

From the form of eq 2, it can be seen that the measured
(100) reflectivity of the barite-water interface is the result of
interference between X-rays scattered from the bulk barite
crystal, the baritewater interfacial region, and the water layer
above the surface. Although the bulk structure is known a priori,
the surface structure is not. The surface structure involves
relatively few atoms (as compared with the bulk structure), so
the greatest influence of the interfacial structure on the X-ray
reflectivity is where the bulk contribution is minimal. It is
therefore the modulation of the X-ray reflectivity between the
bulk Bragg peaks that provides information on the batntater
interfacial structure.

The simple and direct relationship between reflectivity and
o(2), as described in eqs 1 and 2, makes it possible to
guantitatively test and optimize models for the interface structure
at the atomic scafé through least-squares fitting techniques.
We use the/? function as a measure of the quality of fit, where
y? approaches a value of1l when the fit is within the

experimental error (i.e., when the average difference between
(001) b LS _
data and calculation is comparable to the experimental uncer-
Figure 1. Perspective view of the (001) and (210) barite crystal tainty)15 This formalism also provides a quantitative estimate
structures, respectively, showing the Ba atoms as large light circles, St the yncertainty associated with the structural determination

atoms as small light circles, and O atoms as large dark circles. . - - -
Crystallographic directions are noted in each. In (a), alternating\ A that is derived directly from the experimental d&t&he error

and A—A cleavage planes are indicated. The outermost sulfate groups fOr €ach parameter is reported as the thcertainty, corre-
are tilted in opposite directions for these two cleavage planes due to sponding to a 95% confidence level.
the presence of a screw axis along [001]. An important feature of any scattering measurement is the
associated resolutioh, that varies inversely with the data range
and is estimated using the relatibn~ 27/Qmax Where Qmax
corresponds to the largest momentum transfer achieved in the
measurement. The X-ray reflectivity measurements reported
herein were performed to a momentum transfeQpfx ~ 6
A-1resulting in a resolution of-1 A. This provides a simple
. estimate for the length scale over which the structure can be
R(Q) = (471 JQA,)°| fP(Z)e'QZdZ 2 determined uniquely. The data are, however, sensitive to atomic
) - displacements as small a€).05 A.
= (4nrJQA,)” | % f; exp(Qz) exp[—(Qo)T I© (1) The X-ray reflectivity measurements were performed at
] ] ] bending-magnet station 1-BM (SRI-CAT) of the Advanced
where the momentum transfe®, is defined by the relatio@ Photon Source at Argonne National Laborat&t¥he specular
= (47/2) sin(e) and is oriented in these measurements along geometry of these measurements is shown schematically in
the surface normal (i.e., specular) directianjs the angle of Figure 2. A monochromatic X-ray beam having a wavelength
incidence with respect to the surfgce plaﬁeis' the X-ray of 0.775 A (corresponding to a photon energy of 16 keV) is
wavelength; ande = 2.818x 10°° A is the classical electron  incident upon the surface at a small angleand the incident
radius. In the second expressidp,z, andoj are the atomic 414 reflected photon fluxes are measured separately as a function
scattering factor, the position, and the vibrational amplitude of 4 o The photon energy was chosen with a sagitally focusing
thejth atom in the crystal; the expression is summed over all 5j(111) monochromator, and the beam was vertically focused
atoms,j; and Ay is the two-dimensional area of the unit cell  ith 5 Pd-coated harmonic rejection mirror. A typical incident
(Auc = 48.4 ,B@ and 100.7 A for the barite (001) and (210) X-ray flux was~10° photons/s through an aperture of 0.1 mm
§urfaces). As is |mpI|C|t in the' form of eq 1, the data are analyzed (vertical) by 1.6 mm (horizontal) placed just before the sample.
in a fully atom|s'glc_perspect|ve. Equation 1 can be rearranged The reflected flux at each momentum trans@ris determined
to a more descriptive form as by performing a rocking-curve scan in which the angular
) ) position of the detector is fixed while the incident angie,is
R= (47r JQA)" | Foui—uc Fer T Fsurt T Fuawerl”  (2) scanned through the specular reflection condition. By fitting

relation between the interfacstructure and the scattering
intensity. The X-ray reflectivity (i.e., the ratio of the reflected
to the incident X-ray flux) is related to the laterally averaged
electron densityp(2), near a reflecting interfaékthrough the
equation
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a - R‘f -R- Multimode AFM operating in contact mode. A commercially
i available fluid cell was used, and the samples were imaged in
deionized water. We used pyramidakl§y tips attached to a
V-shaped cantilever with a spring constant of 0.06 N/m. Further
details about the AFM measurements can be found elsewhere.
Sample Preparation. Single crystals of optically clear,
natural barite were cleaved to expose either (001) or (210)
surfaces (unit celh = 8.884 A,b = 5.457 A, c = 7.157 A,
space groufPbnmn).2> Cleaved samples were approximately-50
22 mm 100 mn? and -2 mm thick. For the X-ray reflectivity
‘ measurements, cleavage of barite in air was followed quickly

7 (<1 min) by immersing the cleavage surface in deionized water
////////////////// at room temperature and mounting the crystal in the X-ray
gl reflectivity cell. Experiments were performed in a static thin-

// film configuration as shown in Figure 2,with a water layer
Z having a typical thickness of60 um at the barite surface
- 38 mm > contained by an gm Kapton film. Each data set was measured

in less than 7 h. No apparent physical or chemical changes of
Figure 2. Schematic representation of the experimental geometry. The g Kapton film resulted from irradiation.

X-rays are incident upon the surface at a grazing angleand

specularly reflected corresponding to vector momentum trar3fer, .

K: — Ki, where|K | = 27/4 is the wave-vector of the X-ray photon and 3. Defect Structures at Barite-Water Interfaces

Q| = (4n/4) sin(a). Also shown is a schematic of the thin-film .
reflectivity cell used for the present experiments. Surface defect structures on barite have been well-character-

ized by using a combination of atomic force microscopy and
each rocking-curve scan to a suitably chosen peak-shape and &-ray reflectivity. An in situ atomic force microscopy (AFM)
linear background, the integrated reflected flux and transverseimage of a freshly cleaved barite (001) surface is shown in
shape of the specular rod (and associated uncertainties) aré-igure 3. This image showing a scan area oy x 1.4um
determined as a function of the momentum transfer. The shows that the predominant defects are individual steps with a
uncertainties in these quantities are related to the countingmeasured height of 7.2 A. Except for these individual steps,
statistics in the rocking curve data. We used a pseudo-Voigt the barite surface presents large featureless terrace regions

line shape to fit the rocking-curve profiles. indicative of a uniform, ideally terminated barite surface.
Atomic Force Microscopy. Atomic force microscopy images Representative rocking-curve scans of the bantater
were obtained using a Digital Instruments Nanoscope lll interface are shown in Figure 4a at selected valug3 fofr the

Figure 3. AFM image of freshly cleaved barite (001) surface (&M x 1.4um) in contact with water. The defects are predominantly unit-cell
high steps (7.2 A in height), or steps having integer numbers of unit cells. No roughness is observed in this image in the terrace areas.
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Figure 4. (a) Rocking-curve scans for the (001) surface are shown at
selected values of + Q/(27/coo1) as a function of2 = 6 — (26,)/2,
where 3, is the scattering angle for each scan. The rocking curves are
well-described by a pseudo-Voigt line shape that changes from an
approximately Lorentzian line shape at half-integer multiples sof 2
Coo1 t0 an approximately Gaussian line shape at integer multiples of
27/coo1. The width of the rocking curve also oscillates as a function of
Q. The variation of the rocking-curve width as a functionfor the

(b) (001) and (c) (210) surfaces. Also shown are the predictions (solid
lines) of the model described in the text. This model reveals that the
steps are unit-cell high in both cases, and the mean lateratstep
spacing is~7300 A and~2300 A for the (001) and (210) surfaces,
respectively. The vertical arrows in (b) show the location where
broadening would be maximized for half-unit cell steps; the lack of
any significant broadening beyond our resolution limit at these scattering
conditions implies that there is a negligible density of half-unit cell
high steps.
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(001) surface. Also shown in Figures 4b and 4c are the rocking-
curve widths plotted as a function of the momentum transfer,
Q, for both the (001) and (210) surfaces. The data in Figure 4a
clearly show that the rocking-curve scans for the (001) surface
vary in both shape and width as a function @f While the
rocking-curve scans are narrow with a Gaussian-like shape near
Q = 2an/chy whenn is an integer andy is the unit-cell
dimension in the surface normal directiady = 7.157 A, and

Cz0 = 3.44 A), they have a Lorentzian-like shape and are
broader near half-integer valuesrfTheir widths oscillate as

a function ofQ from a maximum of~0.04 to a minimum of
<0.02. The minimum widths are a result of the finite angular
resolution of the detector that was independently measured by
scanning the detector slit (having a nominal 0.6 mm-wide
aperture) through the direct beam (having a vertical cross section
of 0.1 mm) resulting in a measured angular detector width of
A(20) = 0.038. Rocking-curve widths broader thand =
A(20)/2 = 0.019 result from the defect structure of the barite
surface. A stronger variation in the rocking curve width was
observed for the (210) surface (Figure 4c) with a maximum
rocking curve width of 0.15at smallQ and resolution limited
widths of ~0.02 at successive minima.

A Lorentzian-like line shape indicates random defect distribu-
tion across the surface. The oscillation of the rocking-curve
width as a function of) is a direct result of constructive and
destructive interference conditions that are alternately satisfied
as the momentum transfer increases. The vertical extent of the
defects h, is revealed through the relation,= 27/6Q, where
0Q is the characteristic period of the oscillations. The periods
of oscillations in Figure 4, parts b and c, ar® = 2m/cqy for
both surfaces implying that for each surface the predominant
defects correspond to unit-cell-high steps, hawireg 7.2 and
3.4 A on the (001) and (210) surfaces, respectively. This
conclusion is consistent with previous AFM studig¢Figure
3).

An estimate for the lateral domain siZeg;, can be derived
from the rocking-curve widthAf, measured at a momentum
transfer,Q, through the relatioh, ~ 27/(Q x A6). From this
relation we estimate domain sizes 7400 A atQ = 1.5 x
(27/co0y) for the (001) surface, and-2800 A atQ = 0.5 x
(27/c10) for the (210) surface (this estimate ignores the
dependence of the derived domain size upon the rocking curve
line shape; a more quantitative estimate is derived below). In
each case, the domain size can be thought of as the mean step
step spacing. Larger values 10 000 A (corresponding to the
narrowest rocking curve widths) are found at constructive
interference conditions when scattering from neighboring ter-
races is in-phase, reflecting the surface domain size when the
steps are ignored. These values are expressed as lower limits
because the measurements are limited by the finite angular
resolution of the detector (0.0

To provide a more quantitative description of the surface
defect distributions, we use a model for randomly distributed
surface defect® With this model, the rocking-curve width and
its variation withQ can be calculated from a few parameters
that describe the probability of encountering a defect (i.e., a
step), and the phase change in encountering that defect (for
specular reflectivity, this phase change is due to the height
difference across the step). Within this model, an approximate-
Lorentzian line shape is reproduced.

Comparing this model to the measured rocking curve widths
for the (210) surface (Figure 4c), we can explain our data with
single unit-cell-high steps (randomly in either the up or down
direction) having a mean stegstep spacing of 2300 A. This
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model properly describes the periodicity of the oscillations for correlated with the cleavage direction. (3) While no attempt was
the (001) surface, confirming that the unit-cell-high step is the made to orient the cleavage direction to any particular crystal-
predominant defect averaged macroscopically over the (001)lographic direction in the present study, it is conceivable that
surface. However, the variation of the (001) rocking-curve width cleavage along [010] would result in a surface with no net
is not well described by this model assuming a defect spacing directional anisotropy. Therefore it may be possible to control
of 7300 A (Figure 4b). The rate at which the rocking-curve both the magnitude and direction of the macroscopically
width decreases with increasii@is overestimated, implying  averaged directional anisotropy with the cleavage direction.
a smaller-than-expected surface domain size at larger incident A macroscopically controlled surface directional anisotropy
angle (and smaller X-ray footprint). We found by measuring might be useful in a range of applications, e.g., such as crystal
separate spots on the sample surface that the domain size ogrowth or alignment of the molecular orientation of liquid crystal
this surface was inhomogeneous. The simplest explanation forfilms, and should be a general characteristic of cleavage surfaces
these data is that the X-ray beam footprint at large valu€3 of orthogonal to a screw axis. This phenomena is similar to, but
(i.e., where the footprint was the smallest) was on an area with more subtle than, recent observations on the cleavage of
a relatively high step density, while at small values@the potassium bichromate (having an-8 stacking). The termina-
larger area of the X-ray beam footprint included areas having tion of the potassium bichromate (001) surface upon cleavage
lower step densities. The mean step spacing determined by thevas controlled by suitable choice of cleavage direction, resulting
rocking curve line shape analysis at sm@llappears to be at  in an all-A or all-B terminatior?’ An important difference here
least in qualitative agreement with the step distribution in the is that the A and Asurfaces created during cleavage of barite
AFM image shown in Figure 3. (001) are identical, while the A and B terminations created by
An interesting aspect of these data is that the step heightcléaving potassium bichromate are not related by any symmetry.
observed for the (001) surface is, in fact, a unit-cell high, However, the observation of a dynamical preference for a
containing two separate Ba$Qayers, as was previously Particular cleavage plane in both cases implies a deviation from
observed by AFM:3The (001) surface is formed by alternating  the classic theory of Griffit¥ in which cleavage is assumed to
BaSQ layers (which we refer to as A and Aayers) that are be a succession of reversible thermodynamically controlled
symmetry-related though & Bcrew axis (Figure 1&f Con- steps.
sequently, there are no structural or chemical differences
between surfaces terminated with the A aridaers, and there 4. Atomic Structure of Barite —Water Interfaces

can be no thermodynamic driving force for this observation (i.e., 41 The Barite (001) SurfaceThe variation of the X-ray
differences in surface energies, or the number of broken bondsreflectivity, R, as a function of the momentum transfe, of

during cleavage). The absence of half-unit cell high steps canq parite(001) water interface is shown in Figure 5. The data
be noted from Figure 4b by the lack of any additional broadening ¢q)1ow the expected form of a crystal truncation rod (CHh

atQ = 2mn/Ghawithn =1, 3, 5... (shown in Figure 4b as vertical -y pich the reflectivity,R, is approximately unity at bulk Bragg
arrows) where the sensitivity of the rocking curve width to half- peaks [notated as (002), (004), (006), etc., in Figure 5], but is
unit cell high steps is maximized. Because there is no evidence ¢ |ow as~10-10 between the bulk Bragg peaks (here the
for any broadening beyond experimental resolution at these reflectivity is shown only forR < 10-%). The absence of odd-
scattering conditions, we conclude that unit-cell high steps are q,qer pulk Bragg reflections is due to the Bcrew-axis
not simply typical defects, but instead are the predominant symmetry along [001], and reveals that the periodicity of the
defects averaged over macroscopic surface regions, at least fof;terally averaged electron density along the [001] direction is
this sample and all other samples that we have studied. Thegne_palf the unit cell heigh/2 = 3.58 A. By analogy with
small finite lateral sp_atlal resolution in our measurement ihe crystallography of a three-dimensional crystal, where the
(~1 um), compared with the-1 to 5 mnt areas covered by  Bragg peak intensities provide a direct measure of the bulk
the X-ray beam footprint, does not change this conclusion; the ¢rystalline structure, it is the continuous variation of the weak
interference responsible for the modulation in rocking curve reflectivity between the barite Bragg peaks that provides
width is observed in each micrometer-wide region associated sensitivity to the structure and termination of the bariteater
with the X-ray coherence length. Since there is no evidence for jhterface.

steps with heights other than unit-cell high, we conclude that A set of model reflectivity calculations is shown in Figure 5.
one of the two possible surface terminations is present over mostrye green curve is a prediction of the specular reflectivity for

of the barite surface_. _ an ideally truncated barite (001) surface with no structural
_To understand this, we note that the-A" interface has a  relaxation in the near-surface region, with the water being
directional anisotropy that is opposite to that of the-A modeled by an error function profile indicating a featureless

interface due to the screw axis (Figure 1). While the screw axis structure. The only aspects of the structure that were optimized
is not expressed in the location of the Ba ions, the topmost in this model were the surface roughness factyrand the
BaSQ layer exposes sulfate ions that are tilted toward the [100] position of the semi-infinite water layer above the barite surface,
or [—100] direction for the A-A' and A-A interfaces, neither of which can be known a priori. This model provides a
respectively, as drawn in Figure 1. This directional anisotropy poor representation of the data, and has a quality of fifef

is expressed along the [100] direction, but not in the orthogonal 208. Inclusion of symmetry-allowed substrate relaxation (in-
[010] direction. Based upon these considerations, our observa-cluding vertical motions of both Ba and $@ns, as well as
tion of a preference for unit-cell high steps leads to the following rotation of the S@ions) in the top barite unit cell improves
implications: (1) The dynamical cleavage process exhibits a the quality of fit toy? = 60. Additional substrate relaxation in
microscopic preference for alignment, either with or against the the second unit cell below the surface improves the quality of
orientation of the interfacial handedness. (2) The barite (001) fit further to y? = 25. While this fit (blue line, Figure 5) is
cleavage surface should exhibit a net directional anisotropy evensubstantially improved and provides a fairly good description
when averaged over macroscopic areas, and the direction ofof the data, it does not explain all the fine structure in the data,
the surface anisotropy (i.e., either [001] or [00-1]) should be as can be seen when the data are multiplied®@sih(Qcooy/
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the absolute changes in the calculated reflectivity are small as
plotted in Figure 5. Sincg? = 1 corresponds to a fit that is
within the statistical error of the experimental data, this implies
that there are no additional structural features present in these
data.

The electron density profile corresponding to the best-fit
structure is shown in Figure 5c. The electron density is plotted
to simulate the finite resolution of the experiment, in which the
effective electron density of each atomws, is plotted as a
Gaussian function with an effective “vibrational amplitude” due
to the finite resolution ofi, or

Peit(@) = Z/[(271)*° Ugg] €XP[—0.5 x ((Z — Z)/ug)] (3)

wherez, is the position of a particular atom having an atomic
charge of Z. For generality, the net effective vibrational
amplitude,ues(j), for each atomj, is determined by adding the
resolution widthues and the true vibrational amplitude;, in
quadrature, oter(j) = (Ued + 012)*2 whereus is assigned
the value Ures = 1.1/Qmax andQmax is the maximum momentum
transfer in the measurement. To motivate this choice,gf

we note that the Patterson functidt{x), is the density-density
correlation function and can separately be derived from experi-
mental data. It can be written as

PX) = [ per(X) per( + X) dX = [1(Q) cosQx) dQ  (4)

where we definepes(X) to be the effective electron density of
the material as seen at the finite resolution of the measurement,
andl(Q) is the measured reflectivity. In the second expression
of eq 4, the Patterson function will be expressed by a series of
terms that have the form of si@fadX — Xo)J/(X — Xo), Where
the location of each ternxg, is determined by the details of
the structure but the width of each term is determined only by
Qmax Assuming that the effective electron density of a particular
atom can be expressed by a Gaussian function with a wigih
as written in eq 3P(X) will be a sum of Gaussian functions
having widths ofv/2Ures The numerical value Offes ~ 1.1/
Qmax provides good correspondence between these two expres-
sions in eq 4 whe®max > 2 AL

The derived Ba and SQ@elaxations in the near surface region
are plotted in Figure 5d. These results show that Ba ions are
displaced from their bulk lattice locations by0.07 A near the
surface, while the outermost $@ns show a larger displace-
ment of~0.4 A. We also find significant rotations of the near-

Figure 5. (a) Comparison of the experimental reflectivity of the barite surface S@ ions, with derived tilt angles with respect to the
(001)-water interface to model calculations including an ideally surface normal direction of 0, 8, 19, anél @vith a statistical
truncated surface, a surface that has been relaxed with symmetryerror of #4) starting with the outermost S@n. Because these

allowed displacements, and a surface with adsorbed water molecules,
(b) The same data and calculations as shown in (a) shown normalized
to the form of the crystal truncation roB.,m = R x [Q x sin(Q x
dooi/2)]% (c) The electron density profile for the best-fit structure is

results are largely insensitive to the tilt direction, it is difficult
to independently assess if these rotations are uniquely deter-
mined in the absence of nonspecular reflectivity data (which

shown. Note that this profile includes broadening that is representative probes the lateral surface structure). In all cases, these structural
of the finite resolution of the experimental data. The arrow highlights distortions decay rapidly into the crystal. The Qiisplacements
the electron density due to adsorbed water molecules. (d) Derived gppear to be significant3 A into the barite surface (i.e., within

vertical relaxations at the barite (001) interface for the Ba and SO
groups as a function of the vertical height of each atom.

the outermost BaSPObilayer). Also included in this best-fit
structure is the surface roughness parant@tgr= 0.028 +

2)]?, to remove the strong variation of the CTR intensity as a 0.01, corresponding to a surface roughness (due entirely to steps)
function of Q due to the presence of the bulk barite Bragg peaks of 1.1 + 0.2 A rms roughness averaged over thé& um
(Figure 5b). We finally include the possibility that water near coherence length of the incident X-ray beam. The best-fit model
the barite surface may be structured, by allowing for a layer of includes an adsorbed water layer at a height of 23513 A
adsorbed water molecules. This results in a quantitative fit to above the outermost Ba ion, having 2:7.1 water molecules

the data withy? = 0.7 (red line in Figure 5). This shows that

per barite(001) surface unit mesh (the unit mesh area is 48.4

the inclusion of adsorbed water molecules is significant with A2). These measurements are insensitive to the presence of
respect to the uncertainties in the experimental data, althoughprotons, therefore the molecular species of the water (e.g.,
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hydroxyl or hydronium) cannot be uniquely identified from these 1.E-05

data; we refer to these simply as water molecules for conven- 0 Data

ience. 1.E-06 | —— Relaxed
The measured water coverage is significantly smaller than o _Ac?saorbed

that expected for a close-packed water layet (molecule/10 ..;7- 1.B-07 1

A2 surface area, or 4.8 water molecules per unit mesh) as would = 1E-08 1

be expected if the barite surface acted as a chemically inert“hard g

wall”. Instead, we consider that there are 4Babonds broken % 1.E-09 /I T

at the (001) surface per unit mesh due to cleavage (3 to the 7

outer Ba ion, 1 to the inner). Of these, two broken bonds from 1.E-10 (630)

the outer Ba to its nearest neighbor oxygens have-a®height (a)

difference of 2.4 A, the third has a B® height difference of o 1-E-11

1.9 A, and the broken bond associated with the second layer &g

Ba ion has a BaO height difference of 1.5 A with respect to ""b_ 1.E-08 |

the upper Ba ion (these height differences are derived from the 3

unrelaxed bulk barite structure). The observed height for the £, 1.E-09 1

adsorbed water layer is similar to average nominatBéheight g

(2.2 A) associated with the upper Ba ion’s three broken bonds, E 1.E-10

and the number of adsorbed water species are moderately ‘(‘3 1.E-11 |

consistent with this as well (2 0.1 vs 3.0 A). This suggests 5

that the adsorbed water molecules saturate the broken bonds of & 1.E-12 ' '

the surface Ba ions, in analogy to that observed previously for 0.0 2.0 4.0 6.0

i i i 2
Ca ions .at the c.a.lcrfewater interfacé: . Momentum Transfer, Q ( A'1)
Including additional adsorbed water to saturate the single

broken Ba-O bond associated with the inner Ba ion did not 4.0

improve the fit (as expected since the quality of fit wag). ’ (©)

Such models also resulted in a high degree of covariance 3.0

between the parameters associated with the adsorbed water

structure, further implying that these data cannot uniquely 2.0

determine any further detail of the adsorbed water structure.

Nonspecular X-ray reflectivity data will be needed to provide 1.0

additional information on both the lateral and vertical structure 0.0 e |
0 -5 5 1

near the baritewater interface. 1 0 0

4.2. The Barite (210) Surface X-ray reflectivity data are Depth (A
shown for the barite (210)water interface in Figure 6. These 08 epth (A)
data show a typical CTR shape with the strong (210), (420), '
and (640) Bragg reflections and the much weaker reflectivity
between Bragg peaks due to scattering from the bawvier
interface. As shown in Figure 1b, the (210) surface consists of
alternating 3.6 A-wide nano-terrace areas along the [001]
direction that differ in height bysz = 0.8 A. To model the
adsorbed water structure and the semi-infinite bulk water above
the barite surface, we have assumed simply that the semi-infinite (d)
water layer follows the surface contours conformally, and that
the adsorbed water species is located at the same height with 10 5 0 5 10
respect to the Ba ions in each nano-terrace. This modest
simplification allows us to model the adsorbed water and semi- Depth (A)
infinite liquid water structures each with a single water term Figure 6. (a) Comparison of the experimental reflectivity of the barite
corresponding to that above an atomically flat surface by using (210)-water interface to model calculations including an ideally

an additional phase factor, [ exp(Q 62)]. 6zwas held fixed  truncated surface, a surface that has been relaxed with symmetry
at 0.8 A in the optimization process. allowed displacements, and a surface with adsorbed water molecules.

. . (b) the same data and calculations shown normalized to the form of
As was the case for the (001) surface, an ideally terminated e crystal truncation ro®em= R x [Q x SiN@Q x dxd2)l. (c) The

(210) surface without any structural relaxation near the interface density profile for the best-fit structure is shown. As in Figure 5, the
provides a poor description of the data with a quality of fit of plotted profile includes broadening due to the finite resolution of the
%2 =51.8, and the inclusion of near-surface relaxation improves measurement. The arrow highlights the electron density profile due to
this quality of fit toy2 = 4.1. The inclusion of adsorbed water adsorbed water. (d) Derived vertical relaxations at the barite (210)
species improves the quality of fit to 1.9. This difference, interface for the Ba and S@roups as a function of the vertical height
. . . of each atom.

although not as dramatic as that found upon including adsorbed
water species on the (001) surface, is significant. It representsgigure 1), and an adsorbed water species. The adsorbed water
a 0.5 reduction in the quality of fit per data point, or a total  species is found to have 32 2.5 water molecules per unit
quality of fit improvement of 16. cell on both the upper and lower terraces, at a height oft2.6

A density profile corresponding to the best-fit (210) model 0.15 A above the Ba ion of the respective terrace. For
is shown in Figure 6¢. This model includes relaxations in the comparison, there are 8 broken-B@ bonds per unit cell (4
top two layers (each containing two terrace levels, as shown in above each nano-terrace) at heights ranging from 2.4 to 2.6 A

Electron Density

04 | °Ba [
g

Vertical Relaxation (A)
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for the ideal bulk unit cell. So both the number and height of water due to the applied electric fields. Recent results at the
these adsorbed water species appear to be reasonable, althoughectrified RuQ(110) interface find a result that is intermediate
the adsorbed water coverage is relatively imprecise. The between these two regimes and is also sensitive to the applied
relaxations (Figure 6d) of the surface Ba ions are comparable potential2°

to the size of the derived errors, although the outermost SO

ions are found to relax outwardly by0.4 A, and a smaller Acknowledgment. This work was supported by the Geo-
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Office of Science, U.S. Department of Energy under contract

5. Discussion and Conclusions W-31-109-ENG-38. MTM was supported by DOE contract

fnumber W-7405-Eng-48 at Lawrence Livermore National
Laboratory. Use of the Advanced Photon Source was supported
by the Office of Basic Energy Sciences, Office of Science, U.S.
Department of Energy, under contract W-31-109-ENG-38 at
Argonne National Laboratory.

The present results provide a fundamental understanding o
the defect and crystal structures at the bantater interface.
The results show that the typical defects found at the (001) and
(210) surfaces are unit-cell high steps that are randomly
distributed across the surface with mean lateral spacings of
~7300 and 2300 A, respectively. In the case of the (001) References and Notes
surface, these steps consist of two Ba®@nes related by a
2, screw axis resulting in a net directional anisotropy of the (1) Benton, W. J.; Collins, I. R.; Cooper, S. D.; Grimsey, I. M.;
barite (001) cleavage surface. We speculate that this double-Par'Z'zr;S%rgsg‘éc'\ﬂfg?ﬁgae”” ' g ﬁﬁ{;i?ﬁgﬁgr%?ségg?133’8218511219473.—
step may be due to a dynamical effect during cleavage. 160.

The barite (001} and (210)-water interfaces both exhibit (3) Pina, C. M.; Becker, U.; Risthaus, P.; Bosbach, D.; Putnid|aiure
substantial structural relaxations-@.4 A) of the outermost 1998 395 483-486. . .
sulfate ions. Smaller but significant relaxations are also observedChe(rf;)_ g{ggllééé Ii'iaGggh_D' H.; Davey, R. J.; Catlow, C. R. 8. Am.
for the second layer sulfate ions within the outermost BaSO (5) Higgins, S. R.; Bosbach, D.; Eggleston, C. M.; Knauss, KJG.
unit cell. Smaller £0.07 A) displacements were also observed Phys. Chem. B200Q 104 6978-6982.

_ ; ; i (6) Putnis, A.; Junta-Rosso, J. L.; Hochella, M. F., Geochim.
for the near-surface Ba ions, and appear to decay in a SImIIarCosmochim. ACtA005 59, 46234632,

faShiO_n into the barite crystal. ) ) _ (7) Wang, K.-S.; Resch, R.; Dunn, K.; Shuler, P.; Tang, Y.; Koel, B.
An important aspect of the derived baritwater interface E.; Yen, T.-F.Langmuir200Q 16, 649-655. _
structure is the adsorption of water molecules whose positionsR (t8)J DS\,(F%’ R. 1J§:9 l]31|a305|§ a’;;slzrgmley, L. A,; Cottier, D.; Dobbs, B.;
f : : . out, J. E.Nature .
and coverage are consistent with the interpretation that water (9) Black, S. N. Bromley, L. A.; Cottier, D.; Davey, R. J.; Dobbs, B.:
molecules saturate the B&® bonds broken during cleavage. Rout, J. EJ. Chem. Soc., Faraday Trars991, 87, 3409-3414.
No additional structure is observed for the fluid water adjacent  (10) Hartman, J.; Strom, C. 8. Cryst. Growth1989 97, 502-512.
; ; (11) Allan, N. L.; Rohl, A. L.; Gay, D. H.; Catlow, C. R. A.; Davey, R.
to thg barite surfaces. We can compgre'th.ese results to prewoui; Mackrodt, W. CFaraday Discuss1993 95, 273-280.
studies of water structure near setiiquid interfaces. While (12) Fenter, P.; Geissbuhler, P.; Di Masi, E.; Srajer, G.; Sorensen, L.
there are four distinct BaO distances (along the surface normal  B.; Sturchio, N. C.Geochim. Cosmochim. Ac200064, 1221-1228.
direction) associated with broken bonds on both the (001) and 59(}12)570*2%3“0, R. P.; Sturchio, N. Geochim. Cosmochim. Ac1995
(2.10) surfaces, there is only a §|ngle{la height aSSOCIa,ted ‘(14) Chiarelio, R. P.; Wogelius, R. A.; Sturchio, N. Geochim.
with broken bonds on the calcite (104) surface. Despite the cosmochim. Actd993 57, 4103-4110.
higher structural heterogeneity of barite surfaces, we find that (15) Fenter, P.; Teng, H.; Geissbuhler, P.; Hanchar, J. M.; Nagy, K. L.;
i Sturchio, N. C.Geochim. Cosmochim. Ac200Q 64, 3663-3673.
the.locatlon anq number of adsorbegl Water.molecules for. both (16) Fenter, P.: Sturchio, N. @Geochim. Cosmochim. ACED9S 63
barite and calcite surfaces are consistent with the saturation of3; 453150
broken metat-oxygen bond3? In each of these cases, the lateral (17) DeVries, S. A.; Goedtkindt, P.; Bennett, S. L.; Huisman, W. J.;
two-dimensional densities of the adsorbed water layers [0.05 Zwanenburg, M. J.; Smilgies, D.-M.; De Yoreo, J. J.; van Enckevort, W. J.

2 i+ 12 2 ; P.; Bennema, P.; Vlieg, BPhys. Re. Lett. 1998 80, 2229-2232.
H,0/A2 for calcitel2 0.056 HO/A2 for barite (001), and 0.06 (18) Toney, M. F- Howard, J. N.; Richer, J.: Borges, G. L. Gordon, J.

H20/A? for barite (210)] were found to be substantially smaller G.; Melroy, O. R.; Wiesler, D. G.; Yee, D.; Sorensen. L.Neature 1994
than that of a closed-packed water laygsq(~ p3&® ~ 0.10 368 444-446.

Hz0 molecule/&). This suggests the relatively simple picture 1%3)2 ‘2?”1%332-?1_01%'303;83- M.. Davenport, A. J.; Isaacs, HPBys. Re.
that water acts to saturate broken bonds at ionic mineral surfaces.” "0y’ chy, v. s.: Lister, T. E.; Cullen, W. G.; You, H.; Nagy, Zhys.
This picture has been recently corroborated by molecular Rev. Lett. 2001 86, 3364-3367.

dynamics (MD) simulatior® in the case of the calcitewater g;g Eelg_enhanT'LM Fﬁﬁff- SF?- Féeféggggéo'gégo%glggé

H P H opinson, I. M.Phys. Re. 3 .

interface. Thls implies that the adsorbed water structure can be (23) Bevington, P. RData Reduction and Error Analysis for the
UnqerS'FOOd n t_he context of th? general _characterlstl_cs of Walter physical Scienced969; MacGraw-Hill Book Company: New York, 1969.
cation interactions that were included in the MD simulations.  (24) Lang, J. C.; Srajer, G.; Wang, J.; Lee, PRev. Sci. Instrum1999
In contrast to these results, highly structured water layers found 70 3357’\]44?(2- ML Minato. 1 Morikawe. H.: hwai. S..1Am. Mineral
at electrified Ag(111) and Au(111) metal interfaé®&¥ have 19§8 253 '536a6_6“5’10:’ nato, 1, Morikawa, F., wal, =.-iam. Mineral.
densities that are either equal to or greater than the closed-packed (26) Lu, T.-M.; Lagally, M. G.Surf. Sci 1982, 120, 47—66.
densities associated with a densely packed water monolayer. (27) Plomp, M.; van Enckevort, W. J. P.; Vlieg, Bhys. Re. Lett.

e . AP - 200186, 5070-5072.
No significant structuring was found in either case in the absence (28) Griffith, A. A.: Philos. Trans. R. Soc. Londot921 A221 163.

of an applied field, suggesting that these structures are instead (29) wright, K.: Cygan, R. T.; Slater, Bhys. Chem. Chem. Phy2001
primarily associated with the perturbation of the near-surface 3, 839-844.



